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Advanced transient switching
and coordinated power control
strategies for flexible
interconnection of multiple
microgrids

Guoliang Li*, Xia Lin, Lingyuan Kong, Wenhua Xia and
Shuang Yan

Zaozhuang Power Supply Company, State Grid Shandong Electric Power Company, Zaozhuang,
Shandong, China

Multiple microgrid (MG) distribution systems are facing challenges owing to
variations in the operational statuses of the individual MGs, which experience
voltage and current fluctuations during transient interconnections. The
impedances of the interconnecting lines further exacerbate the unevenness of
power distribution among the MGs, hence threatening the operational stability
of the system. To achieve flexible and seamless interconnections between
multiple MGs, we fully analyzed the interconnected structures and operation
modes of the MGs; then, we designed a transient switching control method
based on investigation of the transient interconnection processes to ensure
smooth transition of the MGs. Additionally, to balance the power distribution
among the interconnected MGs, a voltage—current-based coordinated power
control strategy was synthesized using advanced synchronized fixed-frequency
technology. Simulation case studies were conducted, and the results indicate
that the proposed coordinated power control scheme effectively facilitated
instantaneous interconnections between the isolated regions, thereby avoiding
voltage disturbances and current surges. Furthermore, it efficiently equalized
and distributed the output power from the distributed energy sources,
thereby enhancing the operational flexibilities and stabilities of the MGs and
distribution system.

distribution network, microgrid, transient switching, coordinated power control,
frequency control

1 Introduction

With the rapid development of renewable energy technologies and in-depth promotion
of smart-grid construction, microgrids (MGs) have emerged as crucial forms of distributed
energy integration as well as effective means to address energy supply challenges,
improve energy utilization efficiency, and promote the consumption of renewable energies
(Zhao et al., 2022). However, in a distribution network (DN) system comprising multiple
MGs, the varying independent operating state of each MG often leads to transient voltage
and current fluctuations during interconnection. These fluctuations not only compromise
the power quality but also jeopardize the safe and stable operation of the entire system.
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FIGURE 1

Diagram of a distributed control framework.

Furthermore, the presence of link impedances often result in uneven
power distribution among the MGs, further exacerbating system
instability (Sun et al., 2023; Wang et al., 2024). Consequently,
research into transient switching and coordinated power control
strategies for achieving flexible interconnections of multiple MGs
is of paramount importance for realizing stable interconnections
and optimal power distribution among the MGs, thereby improving
system operational performance.

Presently, the mainstream control methods for the inverters
in the MGs mainly include the P/Q, V/f, and droop control
strategies (Heins et al., 2023; Alzayed et al., 2022; Afshari et al,,
2024). Fan et al. (2022) enhanced the droop control mode to
transform the droop coefficients into data that can be mediated
online; this improved the power distribution accuracy among the
inverters and inhibited commutation. Cheng et al. (2024) presented
a control algorithm based on the virtual synchronous generator
(VSG), where the Q-U sag control method was improved based
on a proportional-integral controller; this improved the voltage
regulation performance and guaranteed the accuracy of the system
power distribution. Zong et al. (2023) introduced impedances
into MGs implementing the traditional sagging control strategy;
here, the key system parameters were modified using a variable
control method to observe their influences on the operational
stability of the system. Feng and Liu (2023) identified a single
steady-state operating point in an MG, built a small-signal model,
analyzed its root trajectory, and finally obtained the approximate
range of the optimal value. Vaishnav et al. (2023) built a small-
signal model of the inverter droop control module in an MG and
obtained appropriate control coeflicients based on the trend of its
root trajectory. Li et al. (2018) improved the traditional droop
control approach and introduced a power differential term based
on the droop control; here, the authors analyzed and evaluated
the small-signal model to determine the influences of the droop
coefficient and power differential term on system stability. The
abovementioned works contributed notably to the development
of control methods for MG systems. However, in multiple-MG
interconnection systems, these methods often struggle to account
for the distinct independent operational characteristics of each of the
MGs and the transient stability during the interconnection process.
Thus, challenges remain in optimizing the control methods to ensure
seamless transient switching between MGs.
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In recent years, research on the interconnection modes of
multiple MG systems has mainly included the AC, AC-DC hybrid,
and flexible DC interconnections (Wang et al, 2022). For AC
interconnections, Chen etal. (2024) constructed an island multi-MG
system with multiple parallel points to realize seamless transition
between joint grid-connected and off-grid operations as well as
separate grid-connected and off-grid operations. In Yang et al.
(2024), the main controller as well as the controller of each MG
were adopted in a multi-MG interconnection system to realize
controllable AC interconnection for monitoring the operational
status of the system. Fattaheian-Dehkordi et al. (2022) proposed
an event-based consistency control method for the AC-DC
hybrid multi-MG system to effectively solve its power distribution
issue. Mo et al. (2021) connected DC/AC converters with the
AC/DC buses in each of the sub-MG systems to achieve flexible
interconnections. Xie et al. (2024) employed a power router for the
single-port flexible DC interconnections in a multi-MG system to
realize multidirectional flow of the heavy energy and active power
control of the system. Yang et al. (2023) presented an electrical power
router comprising multiple converter ports and an energy pool to
realize single-port DC interconnection and power balance among
the multiple MGs. Joshi et al. (2022) used a voltage-source-type
converter to connect multiple MGs to a common DC bus to realize
multiport DC interconnection. In Zhao et al. (2024) and Li et al.
(2022), the photovoltaic (PV) system and energy storage systems
(ESSs) were integrated with a common DC bus, respectively, through
which the power was balanced effectively to guarantee reliable
operation of the multi-MG system. As detailed above, the different
interconnection modes have their individual application scenarios
and limitations. Although several outcomes have been achieved for
multi-MG systems, theoretical and experimental studies are still
needed to select appropriate interconnection modes for balancing
the power distribution between the MGs to ensure system stability
after interconnection.

Liu et al. (2024) focused on power distribution as well
as coordinated control in a multi-MG system and proposed a
coordinated control strategy with automatic load power distribution
based on the maximum power and state of charge of the ESS, along
with verifying its roles in independent DC MGs under different
working mode settings. Dhar et al. (2022) proposed a method to
divide the power layers according to the net load of the system
and charging/discharging powers of the batteries; they proposed
a coordinated control strategy based on the power layers while
ensuring the voltage stabilities of PV DC MGs under different
operating conditions. Nahata et al. (2021) proposed a hierarchical
coordinated control strategy to address the power imbalances in
DC MGs; by setting three different layers of control content, this
method achieved economical and reliable operations of the MGs.
Li et al. (2024) introduced a fuzzy logic controller for the DC MG
system encompassing electric-hydrogen energy storage to reduce
the losses of lithium batteries by setting control methods with
different interface converters. Bharatee et al. (2024) proposed a
coordinated control strategy involving voltage and power based on
the state balance of energy storage, and this approach effectively
improved the voltage stability and power distribution balance in
a dual-bus MG. Gu et al. (2024) combined the fuzzy and droop
control theories to effectively adjust the power and improve the
robustness of the MG. The above strategies are pivotal for ensuring
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(b) Independent operation

Equivalent circuits for transient switching of the interconnected microgrids: (A) interconnected operation; (B) independent operation
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FIGURE 4

Vector relationships in the d-q axis under U-1 droop control.

optimal functioning of the MGs. Nevertheless, these methodologies
predominantly concentrate on maintaining the power balance
and stability within individual MGs, leaving ample scope for
advancements in the field of coordinated power control within
interconnected multi-MG systems.
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Zhu et al. (2023) introduced a power mutual-aid autonomous
control strategy using solid-state transformers to enhance the system
stability and improve fault tolerance within an interconnected multi-
MG system. This strategy enables MGs with minor imbalances to
provide power support to those with significant imbalances, thereby
minimizing the degree of imbalance across all MGs while achieving
power balance and autonomous distribution. Li et al. (2019)
proposed a flexible control method for AC/DC microgrid clusters;
this approach utilizes interconnection power increments to obtain
the actual transmission power reference values through DC-DC
and DC-AC interconnection devices while ensuring that each MG
operates according to these reference values for effective power
coordination control among the interconnected MGs. Yoo et al.
(2020) reported a distributed coordinated control strategy that
initially adjusts the power output of each MG using droop control
based on a consensus algorithm; then, this strategy achieves power
sharing among the interconnected MGs through normalization
of the interconnection converters. Zhou et al. (2018) employed
a set of interconnection converters to link various MGs, where
each converter was connected based on a distributed consensus
mechanism.

Despite the large contributions of these works, several key
challenges persist, such as ensuring seamless transitions during
the interconnection of MGs, achieving flexible power distribution,
and maintaining operational stability in a complex interconnected
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environment. Within such systems, in-depth research on flexible
power distribution and coordinated control strategies among the
different MGs is crucial for optimizing the operational performance
of the entire DN system. Accordingly, to improve the flexibilities
and stabilities of the MGs as well as upper DN, we present a
transient switching method and coordinated power control strategy
for optimal operation and flexible interconnection of a multi-MG
DN. Specifically, the interconnection architecture and operational
modalities of the multiple MGs are first discussed, and a transient
switching control approach is subsequently proposed to ensure
seamless transitions within interconnected multi-MG systems.
Then, to address the challenge of power distribution among the
MGs in the interconnected environment, a voltage-current power
coordination droop control strategy is proposed along with the
synchronous fixed-frequency technology, which guarantees flexible
power distribution and operational stabilities of the MGs. Finally,
simulations are conducted to validate the efficacies and superiorities
of the proposed methodologies.

2 Interconnection structure and
operation modes of the multi-MG
system

The operational control of the interconnected MG system
involves a decentralized approach, as depicted in Figure I; this
strategy aims to foster independence and autonomy within each
MG while minimizing reliance on the communication system. At
the upper layer, the control is limited to issuing interconnection
scheduling commands and sharing voltage bus information across
different MGs via low-bandwidth communication channels. On
the other hand, the independent MG control layer oversees power
coordination both among and within the MGs. Within each MG,
the distributed generation (DG) components typically employ
synchronous constant-frequency voltage—current droop control
to enable swift and seamless voltage and current adjustments,
thereby enhancing the overall responsiveness and stability of the
interconnected system.

Figure 2 shows the regional structure studied in this work
considering two MGs (MG1 and MG2) as examples. The two MGs
have identical structures and comprise two ESSs and loads each,
which are connected to the AC bus through their respective line
impedances. In this case, the control algorithm and communication
protocol can be designed in a unified manner while reducing the
complexity of the control system and improving the response speed
as well as coordination ability. The bus bars of MG1 and MG2 are
connected through the contact switch, and the two MGs can switch
between independent and interconnected operations through the
opening and closing of the contact switch. To facilitate analysis, we
simulated the output variations and normal load fluctuations of PV
and wind power units by dynamically adjusting the load sizes. The
ESSs are mainly used to balance the system power and maintain
the common bus voltage. When the power fluctuates, the common
bus also responds accordingly, and the energy storage unit adopts
a synchronous fixed-frequency U-I droop control strategy. Thus,
when the power of the AC or DC subnet is insufficient or excessive,
the AC frequency or DC voltage will correspondingly reduce or
increase; that is, the AC frequency or DC voltage can represent the
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power changes inside the AC or DC grid, and the common bus
voltage can contribute to changes in the MG’s power. Therefore,
the power of the AC subnet and DC network can be regulated by
adjusting the corresponding AC frequency and DC voltage.

The specific switching process of the MG interconnection
strategy can be into five distinct

categorized operating

stages as follows:

1) Independent operation: Upon receiving the disconnection
command for the interconnection switch or prior to the
closure command, the interconnection switch remains in
the disconnected state, and the MG operates independently.
During this stage, improved droop control is implemented
based on virtual negative impedance compensation, as
proposed in Section 4.

Phase tracking: Initially, the two MGs operate independently.
To mitigate any power distribution imbalances, the virtual
negative impedance is introduced. However, this adjustment
alters the g-axis voltage reference value, resulting in a
phase offset between the inverter output voltage and
synchronous reference phase. Consequently, a phase tracking
process is incorporated. Upon receiving the instruction, the
interconnection switch is closed once the synchronization
reference phase tracking is completed, thus transitioning to
the basic U-I droop control strategy.

Interconnection operation: At this stage, the interconnection
switch is closed to connect the two MGs. To further address the
power distribution imbalances, the virtual negative impedance
compensation is reintroduced for the line impedances,
enabling uniform power distribution within the two MGs;
this allows switching to the improved droop control strategy
based on virtual negative impedance compensation.
Coordinated the
interconnected MGs, the impedance of the interconnection

control: During operation of the
line can lead to unbalanced power distribution between the
two MGs. To enhance the accuracy of power distribution
within the interconnected MGs, a voltage adjustment
control strategy is integrated. This strategy aims to achieve
uniform power distribution across the interconnected grid by

equalizing the power between the two MGs.

3 Flexible interconnection control
strategy for the multi-MG system

3.1 Transient switching analysis

The voltage control converter comprises a double-loop
controller for the voltage and current. Because of coupling effects
between the control loops, the transient characteristics of the
converter represent the response behaviors of higher-order systems,
which can be challenging to model and solve accurately owing to
their complexities. For the voltage-controlled converter, the goal is
to control the port voltage while the external characteristic is the
voltage source. To simplify the analysis, the converter is considered
to be equivalent to an ideal voltage source, and an equivalent
circuit is established as shown in Figure 4. Figure 3A presents the
interconnected operational state of the two MGs, where U, is the
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output voltage of the inverter in MG1, i, is the output current of
the inverter in MG1, and U, is the load voltage. Figure 3B shows
the two MGs in the independent operation mode.

As the two MGs their load
characteristics, sizes, and disturbances will lead to differences in
their operating states that then manifest in the phase, frequency,

operate independently,

voltage, and current at the common connection point. In the
transient switching process of a regional interconnection without
intervention and control, there may be large voltage and current
shocks inside the MGs that may cause the internal inverters to go
off-grid and even collapse of the system. Therefore, it is necessary to
analyze the transient switching process and adopt control strategies
to reduce the voltage and current impacts to ensure uninterrupted
operation of the inverters and loads.

The output voltage and current of an inverter have three
characteristics, i.e., amplitude, phase, and frequency. To reduce the
impacts of voltage and current during interconnection, the transient
voltage and current changes during interconnection are analyzed.

| Upca = V2uy, sin (o, t + ®,) W

upcc2 = \/quZ sin (w2t+ ‘Pz)»

where U,

at the common connection point; u,, and u,, are the respective

cc1 and u,., are the respective voltages of MG1 and MG2

voltages of MG1 and MG2; w; and ¢, are the respective voltage
angular frequency and voltage phase angle of MGI1; w, and ¢, are
the respective voltage angular frequency and voltage phase angle
of MG2. To analyze the influences of the three factors, the control
variable method is employed.

3.1.1 Amplitude as the variable
The phases and frequencies of the voltages and currents of the
two MGs are coincident such that

Au, . = \/E(Upcd - Upccz)sin (wt+ ). (2)

pec

Aty V2( Upea = Upcc2) sin (wt + ¢).

Ai .= = (3)
ZTie 2Tie

3.1.2 Frequency as the variable
The phases and amplitudes of the voltages and currents of the
two MGs are coincident such that

0 - 0+
AuPCC:Z\/EUsin( 12 2t)cos( 12 2t+<p>. (4)

Au _ 2\/§Usin(w‘;wzt)cos(%t+ (p).

pec

(5)

ZTie ZTie

3.1.3 Phase as the variable
The amplitudes and frequencies of the voltages and currents of
the two MGs are coincident such that

- +
AuPCC:Z\/EUsin((PZZ%t)cos((pl2(p2t+wt). (6)

AupCC ZﬁUsin(%t) cos(@lw wt).
Ai .= = (7)

ZTie ZTie
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From Equations 2-7, it is seen that the voltage and current
impacts on the transient interconnection process are mainly
influenced by the phase offset. Meanwhile, to eliminate the influence
of variable frequency on the transient interconnection process,
the two MGs utilize the U-I droop control method based on
the advanced synchronous fixed-frequency technology and provide
unified frequency support for the global inverter through satellite
synchronization so that the inverter frequency is fixed at 50 Hz;
this eliminates the influence of the frequency offset on the
interconnection transient switching process and reduces the impacts
of voltage and current. On the other hand, the voltage and current
amplitudes mainly depend on the load size, and the load demands
in the MGs are different, leading to load differences. Considering
the uncertainties in load demands, it is impossible to improve the
control strategy. The effects of phase on voltage and current shocks
can be discussed in terms of the following two cases.

1) When the line impedances of the MG inverters are identical
and synchronous fixed frequency control is used, the phase
angles of the inverter output voltages are ¢,; = ¢,, = ¢,3
= ¢,4. Moreover, as the line impedances are consistent, the
phase angles of the currents are ¢;; = ¢,, = ¢;3 = ¢;,. Hence,
the voltage and current phase angles of both MGs at the
common connection point are identical, that is, ¢p..; = @y
= Ppecs = Ppeca- At this time, when the two MGs are flexibly
interconnected through the contact switch, the voltage and
current shocks can be obtained as Equation 8, 9, respectively.

Au,. = \/5( Upea = Upcc2) sin (wt + ¢). (8)

pcc

. Autye, \/E(UpCC1 - Upccz)sin (wt+9)
Nipe = = . )]
ZTie ZTie

Under this condition, the voltage impulse is completely based on
the voltage amplitude difference at the common connection point.
The influences of the frequency and phase on the transient voltage
and current impulses are eliminated. Thus, the transient voltage
shock during interconnection of the MGs is greatly reduced.

2) When the line impedances of the MG inverters are different,
the output voltage and current phase angles are different,
that is, ¢, # @2 # i3 # Puu and @5 # Qi # P # Py
Therefore, the voltage and current phase angles of both MGs
at the common connection point are also different, that is,
Ppcct # Ppccr # Ppecs # Ppeca- 1he virtual negative impedance
control strategy presented later can be used to compensate for
the line impedance. As shown in Equation 10, the equivalent
output impedances of the inverters of both MGs can be
made consistent so that they can be considered the inverter
impedances.

Zvir 1 < evir

1+ Zine1 L00ine1 = Zyin £00vies + Ziiner L00inen. (10)

Thus, regardless of the inverter line impedances, when
the synchronous fixed-frequency U-I droop control strategy is
implemented, the voltage and current impacts on the transient
switching process of the regional interconnection caused by differences
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Power allocation model between the microgrids

in the phases and frequencies of the voltages and currents can be
reduced. Smooth transition of the operating state is also guaranteed
along with improved flexibility of the inverter. The U-I droop control
realizes tracking of the inverter output voltage phase consistency while
fixing the g-axis voltage reference value U, to 0. To improve the
uneven power distribution, a virtual negative impedance is introduced,
which not only changes the g-axis voltage reference value but also
causes the inverter output voltage phase to shift relative to the
synchronous reference phase, as shown in Figure 4.

3.2 Coordinated power control method

In this approach, the U-I droop control with synchronous
fixed frequency is utilized; this strategy is suitable for MGs
or DG systems, particularly in the off-grid mode. It achieves
voltage stability, frequency synchronization, and load power sharing
through adjustment of the relationships between the voltages
and currents. As the frequency is fixed at 50 Hz, the AC bus
voltage frequency cannot reflect the power changes in the MG.
To solve this problem, coordinated power control between the
two interconnected regional MGs is realized by adjusting the bus
voltages of the MGs. The model for the power distribution between
the MGs is shown in Figure 5.
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To avoid conflicts during coordinated power control between the
MGs, the voltage correction adjustment method is used to coordinate
the power distribution, and the improved droop control with virtual
negative impedance ensures that the power within each MG is
distributed equally; further, the power within the entire interconnected
MG system is distributed equally. Specifically, in the case of multiple
MGs, theimproved droop control utilizes the virtual negative impedance
to compensate for the tie-lineimpedance, thereby eliminating the tie-line
voltage drop between the MGs. In the absence of a tie-line impedance
voltage drop, the output voltage and current of each MG remain
consistent, resulting in equal active and reactive power outputs from each
MG and ultimately ensuring even power distribution. Similarly, within
a standalone MG, the improved droop control uses the virtual negative
impedance to compensate for the line impedance, thus ensuring uniform
power distribution among the PV, wind, and other power generation
units within the MG. The optimized control is as shown in Figure 6; here,
Figure 6A illustrates the traditional droop control method to simulate
the behavior of a synchronous generator to enable power control in the
parallel converters, and Figure 6B shows the droop control method with
added voltage correction that introduces a voltage compensation link to
the traditional droop control of the inverter. This link corrects the droop
control voltage reference value of the inverter, mitigating the impacts of
the line impedance voltage drops and enhancing the accuracy of power
distribution in the interconnected MGs.
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FIGURE 6
Schematics for voltage adjustment control: (A) conventional droop control; (B) improved droop control.
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For MGl, the droop characteristic equations of DG1 and DG2
are related to the voltage at the common connection point:

Uol = Upcc + AULinel. (11)

UOZ = Upcc + AULineZ + AUTie, (12)

Frontiers in Energy Research

where U,, and U,, are the output voltages of MGl and MG2,
respectively; AU ;. and AUy, are the line voltage drops of MG1
and MG2, respectively; Up is the voltage at the common connection
point; AU, is the voltage drop of the tie-line impedance.

When the differential voltage drop of the tie-line impedance
AU = 0, both MGs output the same voltages and currents such
that their output active and reactive powers are identical. Combining
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Switching control strategy from grid-connected to autonomous operation: (A) flowchart of the control strategy; (B) control diagram under the P-Q

operation mode.

Figure 7 with Equations 11, 12, it is seen that when AUy, # 0, there
is a difference in the output voltages of the sub-MGs, which results
in imbalances in the distribution of the output active and reactive

powers. Substituting for droop control in Equations 11, 12 yields
U - kdrooplol = Upcc +A ULinel' (13)
U - kdroopIOZ = Upcc + AULineZ + AUTie" (14)
To improve the power distribution accuracy in the

interconnected MGs, i.e., to eliminate the effects of the tie-line
impedance voltage drops, MG2 is subjected to voltage regulation
as shown in Equation 15:
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(U* +A UTie) - kdroopIOZ = Upcc +A ULineZ +A UTie, (15)
where U*is the droop control reference value.

The output voltage is compensated by feeding back the tie-
line impedance voltage drop to the droop control equation, thus
eliminating the effect of the line impedance voltage drop, improving
the precision of power allocation within the interconnected MGs,
and realizing power allocation when AU ;. = 0.

U - kdroopIoz = Upcc + AULinel (16)

The final control strategy is shown in Figure 7, where a voltage
compensation link is added to the sag control of the inverter to
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correct its voltage reference value; this eliminates the influence of
the line impedance voltage drop and improves the accuracy of power
allocation within the interconnected MG system.

In Figure7, U, is the reference voltage after voltage
compensation and U, is the deviation between the AC bus voltages
of the two MGs that is added to the voltage adjustment signals of the
droop controls of the two MGs after d-g transformation to recover
the AC bus voltages using Equations 19, 20. These voltages satisfy
the following relations:

corr

Upcez = Upea = Ve, (17)
Upcez + Usie = Ucorr, (18)
Usera = (Kp1 + K1 /5)(Ueorra = Upecaa)- (19)
Userg = (Kp + Kio/5)(Usorrq = Upecaq)- (20)

The inverter collects the AC voltages from the two buses at the
ends, calculates the amplitude references for voltage compensation
using the root mean-squared (RMS) values, and derives the
amplitude reference values as shown in Equation 18. The regulation
of the contact line current is dependent on the voltage difference
between the two AC buses. After correcting the voltage deviations,
reasonable power distribution between the two interconnected MGs
can be achieved to ensure reliable and stable operation of the system.

Frontiers in Energy Research

Yes

09

10.3389/fenrg.2024.1489677

A

h 4

(50%A)Hz operation

Yes
dOpll/dt==2m(50EA)?

Opniand 6 deviation located at
(-10° 10°)?

PQ operation mode

4 Mode-switching control strategy of
the multi-MG system

4.1 Phase tracking

The islanding state was identified using the determination
algorithm in Feng and Liu (2023); accordingly, if the DG output current
phase is instantaneously switched from the distribution grid phase to
the pulse-per-second (1PPS) synchronous reference phase, the inverter
current experiences a significant impact that can potentially even trigger
overcurrent protection. To mitigate this current impact, the frequency
of the DG output current should be gradually adjusted to track the 1PPS
synchronous reference phase until they are aligned.

A tracking differentiator (TD) can provide an overshoot-free
tracking process for a system by adjusting only one acceleration-
limiting parameter; further, it satisfies the property that smaller
system inputs can elicit faster adjustment times. If the DG output
phase is 6(t), angular velocity is w(t), and angular acceleration is
a[0(t), w(t)], then the second-order series-type integrator system is

given by
0(t) = w(t
(1) = w(t) . 1)
@(t) = o, || < Ay
The fast optimal integrated control function that

converges to the origin is given by

frontiersin.org


https://doi.org/10.3389/fenrg.2024.1489677
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Lietal.

10.3389/fenrg.2024.1489677

T T T
30 | : == b |
20 | 8
< 10 ]
% 0 I\\‘ ,"‘\\‘ /|
t: “‘ / /!
= ) ’
O -10 a
20 - ]
30 \ Sw1tch on Sw1tch off /‘ ]
| | | I |
0 002 0.04 ()06 008 0.1 012 014 0.16 018 0.2
Times/$ s
(a) Results of current
k T T l T T T T T I T T ]
400 | (U} = = Uy
300 : : A
z 200 : :
g 100} | | .
| |
2 o7 | | 1
> -100 - : : |
=200 : -
| |
-300 _ :
a0f ! ‘SWltClh on - Switchoff | |
0 0.02 0.04 006 008 0.1 0.12 0. 14 0. 16 0. 18 0.2
Times /s
(b) Results of voltage
FIGURE 12
Simulation results of the transiently switched (A) currents and (B) voltages of the microgrids.

w(t)|w(t = rh?
a[6(8), ()] = mgn[@(t) w] 22) d=rth
%max ay = hx,
y=X+4
Substituting  6(t) from  Equation22  with  6(f)- a, = \Jd(d +8ly)) (24)
0,pps(t) into Equation 21 gives ! )
a, = ay +sign(y) - (a, —d)/2
. = (ag+y) - fsg(y,d) + a,[1 - fsg(y,d)]
0(t) = w(t) Ol 23) fhan = —r( d) fsg(a,d) —r-sign(a) - [1 - fsg(a, d)]
o(f) = —a - si - W@t
(1) = =Gy - sign | O(1) = Brpps (1) + 20 ax Equation 24 can then be discretized as
a(k) = than[0(k) — 0, ppg(k), w(k), @raxo F1]
The output current phase 6(t) tracks the 1PPS synchronized 0(k+1)=0(k)+h-w(k) (25)

reference phase 0,ppg(t) under the angular acceleration limit of «, .,

and larger values of «,,  allow faster tracking. Considering the

system control as being discrete, the discretized angular acceleration
is given by a(k) = than[(a(k)-a,ppg(k))/w(k)a,,,(k)h], where 0(k)
and w(k) are the output phase and angular velocity of the inverter,
respectively. 6,ppg(k) is the 1PPS synchronization reference phase,
@ .y the angular acceleration limit, and £ is the iteration step size.
For fsg(x,d) = (sign(x + d)-sign(x-d))/2, the iterative process shaped
as u = than(x,,x,,r,h) is given by
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w(k+1)=w(k)+h-alk)

When the frequency does not vary significantly, the phase can be
approximated as a ramp function. However, Equation 25 is tailored
for a second-order system and inherently exhibits a steady-state
error in tracking the ramp function. To enhance the phase-tracking
performance, the phase-tracking system requires an upgrade or
adjustment rather than being downgraded.

As shown in Figure 8, noting that th is the output of the
fast optimal synthesis control function, AO(k) is the difference
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between the DG output current phase (k) and the synchronization
reference phase 0,ppg, Aw(k) is the angular velocity increment, and
AB,.¢ = 0 is the phase difference input. By replacing 0(k), w(k),
and 0ppg(k) in Equation 25, the phase-tracking process can be
downgraded to

th = fhan[AB(k) — A8, ., Aw(k),
AO(k+1) = AO(k) + h - Aw(k)

Aw(k+1) = Aw(k) +h-th

)

max’>

(26)

Compared with Equation 25, the process in Equation 26 changes
from tracking the phase reference 0,ppg(k) to the phase difference

reference A0, ¢, and the system is downgraded from a tracking ramp

ref>

function to a tracking step function. Taking «,,,,, = 0.3 and iteration

max
frequency 15 kHz as example values, the DG output current angular
velocity is obtained according to the value of k. The initial value of
the difference between the inverter current output phase and 1PPS
synchronization reference phase is 6. The theoretical calculations
are shown in Figure 9. The range of values for 6, is [0,2); in the
limiting case when 6, = 2, the maximum value of the inverter
angular velocity increment k is —1.37 rad/s, converted current
output frequency is approximately 49.8 Hz, and phase tracking is
continuous without overshoots, therefore meeting the grid demand.
It can be seen from Figure 9 that as the initial phase difference
changes, both the angular velocity increment and phase difference
remain stable without overshoots. Eventually, regardless of their
initial values, both these parameters converge to 0. This confirms
that the TD-based phase tracking method ensures continuous, non-
overshooting phase and frequency adjustments that are aligned well
with the load frequency demands.

4.2 Dual-mode flexible switching strategy
for grid-connected/islanded operations

4.2.1 Switching control strategy from
grid-connected to autonomous operation

As shown in Figure 10, the distributed power supply in the
MGs generally works in the P-Q controller mode for grid-connected
MGs. As seen from the right diagram of Figure 10, under normal
steady state, each DG system maintains the output d-axis current
synchronous with the grid voltage through power and current
double-closed-loop control. To achieve flexible switching from grid-
connected to autonomous operation, the satellite timing signal
current control is adopted. The inverter controller not only calculates
the phase-locked loop output angle 0, but also derives the
synchronization angle 0 using the satellite timing signal.

Considering the uncertainty of fault occurrence, the controller
continuously monitors the voltage magnitude and frequency at the
grid point in real time. At the instant of unplanned islanding, the
voltage and frequency at the grid point change correspondingly
owing to the loss of the clamping effect from the grid voltage
and subsequent alterations in the internal power distribution of
the system. To minimize blind spots during detection, especially
under unity-power-factor conditions, a small amount of reactive
current (e.g., 0.1 p.u.) can be injected by the inverter during normal
operation. This exploits the asymmetry between the inverter’s output
power and load after islanding to expedite the voltage and frequency
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variations. When the detected voltage amplitude falls below 70%
of its rated value or the frequency exceeds a preset threshold, it is
deemed that islanding has occurred, which prompts switching to
autonomous operation control. Simultaneously, the phase-locking
angle at this moment, denoted as 6, is saved for future reference.

There may be a significant deviation between the voltage
synchronization angle during grid-connected operation and that
provided by the satellite timing, necessitating flexible adjustment of
the load current phase. To address this, the inverter output current
phase is controlled to align with 6, which is based on the deviation
between 0

pll
to autonomous operation. Specifically, if the difference between 6,

o and 0 detected during transition from grid-connected

and 6 is within the interval [10°, 180°], the inverter output current
frequency increases to 50.3 Hz. Conversely, if the difference is within
(—180°, —10°], the frequency is adjusted to 49.7 Hz. When the phase
difference between the captured grid-connected voltage angle and
satellite timing synchronization angle is within the narrow range of
(-10°, 10°), the inverter output current frequency is set to 50 Hz, and
the A-phase current crossing point is synchronized with the rising
edge of the 1PPS signal to ensure precise phase alignment.

4.2.2 Switching control strategy from
autonomous to grid-connected operation

Since the area of the distribution station operates in the current-
source mode based on satellite timing synchronization, when the
grid voltage is restored and grid-connected switch of the station area
is closed, the output current of each inverter within the station area
remains approximately unchanged. Consequently, this arrangement
mitigates the risk of significant transient current stress issues. Given
the above analysis, the control flowchart from autonomous to grid-
connected operation is as shown in Figure 11.

As depicted in Figure 11, during autonomous operation of the
MG, the output current is synchronized with the satellite timing
signal; simultaneously, the controller calculates both the grid-side
voltage phase 6 and satellite timing synchronization angle 6,
which should ideally match the load impedance angle. When the
synchronization switch detects that the amplitude of the grid-side
voltage exceeds 0.7 p.u., it closes and causes the voltage at the
grid-side point to shift from 6, to 6 owing to the influence of
the grid voltage clamp. Upon detecting this change, the inverter
adjusts the output current frequencies of all inverters to either
50.3 Hz or 49.7 Hz and evaluates the changes in 0, based on the
adjusted frequencies. If the grid-connected operation results in a
phase voltage detection rate change that is not aligned with the
inverter output current frequency, the deviation between 6, and 6
will vary. When this deviation is within (-10°, 10°), the operation
modes of the inverters transition to the P-Q mode, as illustrated in
the control block diagram in Figure 10B.

5 Case studies

To verify the effectiveness of the grid-connected/autonomous
operation state switching between two isolated MGs under the
proposed method, simulations were conducted. The load for the
regional MG1 was set to 2 kW of active power and 2 kVar of reactive
power, whereas the load for the regional MG2 was set to 10 KW of
active power and 10 kVar of reactive power. The total simulation
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FIGURE 13

Simulation results for (A) active and (B) reactive power distributions
before improvement.

time was 0.2 s, and the specific simulation procedures of the system
are as follows:

1) From 0 to 0.05 s, the two isolated MGs operate independently.
Owing to the smaller load of MGI1 than MG2, its
corresponding output current is smaller such that I, = 6.42 A
and I, = 29.72 A. After droop control, the output voltage of
MGl is slightly higher than that of MG2, where U, = 324.67 V
and U, = 303.97 V.

From 0.05s to 0.15 s, the interconnect switch is closed and
opened sequentially to observe the transient switching effect.

2)

Figure 12 shows the results of transient switching of the voltages
and currents of the MGs. Under the proposed control strategy with a
synchronous fixed frequency, the voltage does not differ significantly
(U, =31591V, U, =311.14 V) while the current enters steady state
after a small perturbation (I, = 15.38 A, I, = 21.31 A). Moreover,
there are no voltage and current impacts during the transient
switching process. The simulation results demonstrate that under
the proposed control strategy, transient interconnection between
different isolated MGs can be achieved smoothly without voltage
perturbations or current shocks, thereby enhancing the flexibility of
MG operation.

After voltage the adjustments, the simulation results are as
shown in Figures 13, 14.

1) From 0 to 0.05s during which the interconnection switch
is disconnected, both MGs operate in isolation. As depicted
in Figure 13, when the conventional control strategy prior to
improvement is employed, the active power fluctuation of DG1
and DG2 upon connection to the system reaches an amplitude
of 4.69 kW within 0.41 s, while the reactive power fluctuation
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FIGURE 14
Simulation results for (A) active and (B) reactive power distributions
using the improved control strategy.

attains an amplitude of 4.05 kVar in 0.49 s. In the steady state,
these DG systems maintain an active power of 4 kW and a
reactive power of 4 kVar. Similarly, the active power fluctuation
of DG3 and DG4 reaches an amplitude of 1.15 kW at 0.41 s,
while the reactive power fluctuation amplitude is 1.03 kVar
at 0.49 s, before stabilizing at 1 kW and 1 kVar, respectively.
As evident from Figure 14, during the period of 0-0.5 s, when
the improved synchronous fixed-frequency control strategy is
utilized, the power distribution curves of the four DG systems
resemble those observed before the improvement, albeit with
potential improvements in the transient behavior and stability.
When the interconnection switch is closed between 0.05 and
0.15 s, the output powers of the four DG systems within the
interconnected MGs can be distributed equally. The voltage
adjustment compensates for the tie-line impedance voltage
drop, enhancing the precision of power distribution. At the
moment of closure at 0.05 s, a brief transient process occurs,
resulting in a decrease in the power supplied by DG1 and DG2
and an increase in the power supplied by DG3 and DG4 after
stabilization, as shown in Figures 13, 14.

Under the conventional control strategy, the active powers of
DG1 and DG2 decrease rapidly to 1.41 kW while the reactive
powers decrease to 2.13 kVar; similarly, the active powers of DG3
and DG4 increase rapidly to 3.68 kW while the reactive powers
increase to 2.62 kVar. In contrast, under the improved synchronized
fixed-frequency control strategy, the power fluctuation during the
transition is more pronounced, with the active powers of DG1 and
DG2 decreasing to 0.88 kW and the reactive powers to 1.93 kVar,
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while the active powers of DG3 and DG4 jump from 1kW to
4.24 kW and the reactive powers increase from 1 kW to 2.99 kVar.

Owing to the presence of the interconnection device, the
output power is quickly and evenly distributed after the transient
state. From Figures 13, 14, although the power supply during
the interconnection period is smooth both before and after the
improvement, it is not possible to equally distribute the supplied
power with the conventional control strategy. Specifically, DG1
and DG2 distribute 0.08 kW more active power and 0.23 kVar
more reactive power than DG3 and DG4. However, after adopting
the synchronized fixed-frequency control strategy, the four DG
systems redistribute the power following the transient period and
transition to a new steady state, enabling even distribution of the
supplied power.

6 Conclusion

This work proposes a transient switching control method and a
voltage-current-based coordinated power control strategy to achieve
flexible interconnection and balanced power distribution among
multiple MGs, enhancing their operational stability and flexibility.
Simulation studies were conducted to verify the effectiveness and
superiority of the proposed approaches.

1) Integrating multiple MGs into a distribution system increases
the overall operational cost while markedly diminishing
the system operating losses and voltage fluctuations,
thereby fostering a harmonious balance between economic
feasibility, environmental sustainability, and operational
stability of the DN.

2) The implementation of a synchronized fixed-frequency control
strategy incorporating virtual negative impedance significantly
enhances the effectiveness of the interconnection devices. It
not only ensures power equalization within the individual MGs
but also achieves power parity across the interconnected MG
system, resolving the issue where DG1 and DG2 previously
bore 3.3% more active power and 9.6% more reactive power
compared to DG3 and DG4.

The proposed strategy enables instantaneous interconnection

between different isolated regions, effectively suppressing the

3)

inrush voltage and current during interconnection of two
islanded MGs. Thus, it improves the power quality, ensures
smooth switching, and realizes seamless transition during the
transient interconnection process of multiple MGs in a DN.
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